The 16S rRNA gene of Haemobartonella felis was amplified by using universal eubacterial primers and was subsequently cloned and sequenced. Based on this sequence data, we designed a set of H. felis-specific primers. These primers selectively amplified a 1,316-bp DNA fragment of the 16S rRNA gene of H. felis from each of four experimentally infected cats at peak parasitemia. No PCR product was amplified from purified DNA of Eperythrozoon suis, Mycoplasma genitalium, and Bartonella bacilliformis. Blood from the experimental cats prior to infection was negative for PCR products and was greatly diminished or absent 1 month after doxycycline treatment. The overall sequence identity of this fragment varied by less than 1.0% among experimentally infected cats. By taking into consideration the secondary structure of the 16S rRNA molecule, we were able to further verify the alignment of nucleotides and quality of our sequence data. In this PCR assay, the minimum detectable number of H. felis organisms was determined to be between 50 and 704. The potential usefulness of restriction enzymes DdeI and MnlI for distinguishing H. felis from closely related bacteria was examined. This is the first report of the utility of PCR-facilitated diagnosis and discrimination of H. felis infection in cats.
Haemobartonella felis is the causative agent of feline infectious anemia, a contagious disease of cats first recognized in the United States in 1953 (9) . Nonetheless, our knowledge about this organism remains largely incomplete. H. felis is a short, rod-or coccus-shaped, gram-negative organism which attaches to and grows on the surfaces of feline erythrocytes. Acute disease in the cat is associated with parasitemia and a severe, sometimes fatal, hemolytic anemia; however, in chronically infected cats, parasitemia is low or absent and the cat may be asymptomatic. This disease is considered a frequent cause of anemia in cats by some authors and an uncommon disease by others. Studies have estimated the prevalence of this parasite in the feline population to vary from 0.9 to 28% (5) .
H. felis has not been successfully grown in agar or cell cultures. The only readily available method for diagnosing H. felis infection in cats is microscopic identification of organisms attached to the surfaces of erythrocytes in Wright-Giemsastained peripheral blood smears. This is a highly insensitive method for detecting H. felis infection (34) . The diagnosis of hemobartonellosis is complicated by the lack of a readily identifiable parasitemia in latent and chronic infections, as well as the rapid loss of parasitemia at the time of onset of clinical signs in acutely infected cats (16) . The lack of an efficient test for diagnosing acute and chronic H. felis infections has resulted in tremendous controversy concerning the true impact of this disease in cat populations.
Relman et al. (29) , Maurin et al. (20) , Regnery et al. (27) , and Wilson et al. (38) showed that disease-causing, uncultured microorganisms can be detected in clinical samples, such as peripheral blood, by PCR amplification of their 16S rRNA genes. Since the nucleotide sequences found in 16S rRNA genes vary in an orderly fashion throughout the phylogenetic tree, these sequences have also proven very useful for the study of molecular evolution. Sequences in this gene that are conserved throughout the eubacterial kingdom can be used as targets for primer-directed DNA amplification of the 16S rRNA gene; however, this amplification lacks specificity. Nonetheless, these universal primer sites are highly conserved among eubacteria and are not found in eucaryotes, archaebacteria, or mitochondria and, thus, should amplify only bacterial 16S rRNA (6, (37) (38) (39) . By identifying hypervariable regions within the 16S rRNA gene, primers which are species specific can be designed and evaluated for their potential as a diagnostic tool (7, 12, 32) .
In this study, we used universal primers to amplify nearly the entire 16S rRNA sequence of H. felis and organisms most closely related to H. felis. The PCR products for H. felis were cloned, sequenced, and analyzed (1, 8, 18) . The sequencing data were used to identify hypervariable regions within the 16S rRNA gene of H. felis and to design a species-specific primer set. We evaluated the specificities and sensitivities of these primers in a PCR for detection and identification of H. felis. Additionally, to confirm the identity of our PCR product, we performed Southern hybridization against genomic DNA (33) . By exploitation of the presence of restriction fragment length polymorphisms (RFLP) in the 16S rRNA gene, several groups have successfully differentiated members of bacterial genera from one another (2, 13, 26 ). An alternative scheme for differentiation of H. felis from other bacterial genera based on restriction fragment analysis of this gene was also investigated.
Our results suggest that the use of an H. felis-specific primer set in PCR-based amplification of the 16S rRNA gene allows for detection and identification of infected cats. The application of this procedure in future work should significantly improve our understanding of the impact of this disease in cat populations.
MATERIALS AND METHODS
Animals. Four adult cats obtained from a commercial vendor were confirmed to be free of hemoparasites by examination of Wright-Giemsa-stained blood smears. EDTA-anticoagulated blood was aseptically collected for PCR assaying from each cat prior to experimental infection with H. felis and following intravenous infection with either fresh or frozen whole blood from an infected cat. A 1-ml volume of EDTA blood obtained from a cat naturally infected with H. felis was used to infect the first experimental cat. Subsequent cats were infected serially with blood collected from the previous cat during the first parasitemic episode. Rectal temperatures and peripheral blood smears were monitored daily. Treatment with doxycycline (2.5 mg/kg of body weight orally twice daily for 21 days) was begun during the first parasitemic episode, and thereafter EDTAanticoagulated blood samples were collected at weekly intervals.
Bacterial strains. DNA extraction. DNA was extracted by a method adapted from that described by van Soolingen et al. (35) . Total DNA was extracted from leukocyte-poor blood of cats experimentally infected with H. felis, from whole blood from an experimentally infected pig, and from ATCC bacterial culture stocks (one-half the amount of the lyophilized culture was solubilized in 400 l of Tris-EDTA [10 mM Tris-HCl, pH 8; 1 mM EDTA, pH 8]). To 400 l of blood or solubilized bacterial culture, 10 l of lysozyme (50 mg/ml; Sigma, St. Louis, Mo.) was added. The mixtures were vortexed and incubated for 1 h at 37°C. Then, 6 l of proteinase K (10 mg/ml; Sigma) and 70 l of 10% sodium dodecyl sulfate were added, and the solution was incubated at 65°C for an additional 10 min. Then, 100 l of 5 M NaCl and 160 l of 5% hexadecyltrimethylammonium bromide (CTAB) were added, and the solution was incubated for 10 min at 65°C. Finally, DNA was then purified by phenol-chloroform extraction and ethanol precipitation. The pellet was resuspended in 50 l of sterile H 2 O.
A negative control (all of the reagents without a DNA sample) was included in each experiment to ensure that none of the extraction buffers or reagents were contaminated with target DNA.
PCR. Reaction mixtures were prepared under a hood which was subsequently irradiated by UV light. To avoid contamination, a separate set of pipettes and aerosol-guarded tips were used exclusively for preparation of reaction mixtures. Standard amplification reactions were carried out with a Perkin-Elmer GeneAmp PCR 2400 system. Fisher Taq polymerase (Fisher Scientific, Pittsburgh, Pa.) was used in amplification reactions consisting of 10 min at 94°C; 33 cycles of 94°C for 1 min, 50°C for 1 min, and 72°C for 2 min; and a final elongation step at 72°C for 7 min. The conditions used for amplification with species-specific primers were identical to those described above, except that the primer hybridization temperature was 54°C for 1 min. The universal primers (29, 36, 39) and species-specific primers for 16S rRNA amplification are listed in Table 1 . The universal primer set fHf1 and rHf2 includes SalI and BamHI sites, respectively, which were used for cloning.
The PCR-amplified products were detected by electrophoresis on a 0.8% (wt/vol) gel in Tris-borate-EDTA buffer. A 1-kb DNA ladder (Lambda DNA/ EcoRI and HindIII Markers; Promega Corp., Madison, Wis.; http://www.promega.com) was included as a DNA size standard. Gels containing 1 ng of ethidium bromide per ml were photographed by standard procedures.
Prior to cloning, appropriate size fragments were purified with the Wizard PCR Preps Purification system (Promega). Purified fragments were then cloned into pGEM T Vector (Promega). Plasmids containing proper size inserts were prepped and purified for sequencing using the PERFECT prep Plasmid DNA Preparation kit (5Ј-3Ј Inc., Boulder, Colo.). All clones were sequenced in both sense and antisense directions by a dideoxy terminator method with a PerkinElmer-Applied Biosystems automated sequencer at the Genetic Engineering Facility of the University of Illinois Biotechnologies Center.
Sequence analysis. The 16S rRNA sequence data were analyzed at the Ribosomal Database Project to find closely related bacterial species and were checked to determine if the sequence had a chimeric nature (18) . The sequence was then aligned and compared with selected GenBank sequences (1) of closely related bacteria by using PILEUP, PRETTY, and Evolutionary Analysis from the Genetics Computer Group's Sequence Analysis Package, version 8.1 (8) . Primers that were H. felis specific were selected from known hypervariable regions, V1 and V9, of the 16S rRNA gene. The primers were designed to give the largest possible fragment of the 16S rRNA gene of H. felis and in a region in which the sequence showed divergence from the closest related bacteria (4).
Sensitivity (detection limit) of PCR. To determine the approximate minimum parasitemia that could be detected by PCR-specific amplification of the 16S rRNA gene of H. felis, serial fivefold dilutions beginning with a 1:30 dilution of genomic DNA extracted from blood with known parasitemia were prepared. Since H. felis cannot be cultured, a competitive, quantitative PCR method developed by Zachar et al. was also used to estimate the amount of input H. felis (14, 40) . Briefly, competitive, quantitative PCR was performed by adding constant amounts of a constructed, internal control DNA to the PCR amplification reaction mixtures containing serial dilutions of H. felis target DNA. The internal control for quantitative detection of H. felis was constructed by introducing a deletion in an amplified fragment from the 16S rRNA gene. Following PCR, the amounts of products generated by the target and competitor sequences were analyzed by agarose gel electrophoresis. A standard curve was constructed by plotting the logarithm of the ratio of the intensity of the PCR product of the target sequence to that of the competitor band against the logarithm of the amount of input target DNA. With this curve, the amount of an unknown DNA target was determined. A range for the amount of target DNA was estimated based on the assumption that the number of genes coding for the 16S rRNA can vary from 1 to 14 copies.
Specificity of PCR. DNAs extracted from H. felis, B. bacilliformis, M. genitalium, and E. suis were used as templates in individual PCRs with primers H. felis-f1 and H. felis-r2. The specificity test was performed with E. suis and M. genitalium DNA because of the close phylogenetic relationship to H. felis (21) . We also included B. bacilliformis, a species previously reported to be closely related to H. felis based on 5S rRNA sequence data (23) .
Southern hybridization of PCR products and genomic DNA of H. felis. PCRamplified products and genomic DNA (three separate genomic DNA extracts were pooled and digested with HindIII for each preparation) extracted from the blood of experimental cats before H. felis infection, at peak parasitemia, and posttreatment were subjected to electrophoresis as previously described, denatured, transferred to Hybond-N ϩ membranes (Amersham, Arlington Heights, Ill.), and probed by standard techniques (33) . Membranes were incubated for 1 h at 60°C in prehybridization solution. The PCR probe generated with the primers fHf5 and rHf6 listed in Table 1 was purified with the Magic Preps Purification System (Promega) and labeled with the enhanced chemiluminescence-nucleic acid labeling and detection system (Amersham). After 12 h or overnight hybridization at 60°C, the membrane was blocked, antibody bound, and then autoradiographed.
RFLP. The PCR products obtained by amplification of the 16S rRNA gene of H. felis, B. bacilliformis, M. genitalium, and E. suis with fHf1 and rHf2 were differentiated by RFLP. Two restriction enzymes, DdeI and MnlI (New England Biolabs, Beverly, Mass.), were used according to the manufacturer's recommendations to digest the PCR products. DdeI recognizes the sequence 5Ј-C TNAG-3Ј and cleaves at the position indicated by the arrowhead (19) . The cleavage site recognized by MnlI has the structure 5Ј-(CCTCN)7-3Ј (3). Post-PCR mixes containing amplified 16S rRNA genes were used directly as templates for restriction endonuclease digestion. Following incubation, the products of digestion were resolved by electrophoresis and visualized as previously described. 
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RESULTS
PCR with universal primers. Using the universal primers fHf1 and rHf2 (listed in Table 1 ), we were able to amplify an approximately 1,500-bp fragment of the 16S rRNA from a variety of genera belonging to the eubacterial group, indicating that the DNA preparations contained DNA suitable for amplification. Several other groups have demonstrated priming of most eubacteria with these universal primer sites (29, 36, 38) . As demonstrated in Fig. 1 , DNAs extracted from blood of cats experimentally infected with H. felis during a parasitemic episode (lane 2), as well as B. bacilliformis (lane 5), M. genitalium (lane 6), and E. suis (lane 7), gave bands of the expected sizes when they were amplified with this set of primers. Several bands of inappropriate size but lesser in intensity were also produced when H. felis, M. genitalium, and E. suis (lanes 2, 6, and 7, respectively) were used as templates for amplification. When negative controls, DNA that had been extracted from the blood of cats prior to experimental infection (lane 1) or water (lane 4), were used as target substrates for PCR, no amplification products were generated. When DNA was extracted following doxycycline treatment, a band of the appropriate size was not observed with primers fHf1 and rHf2. However, several bands of inappropriate sizes were observed (lane 3).
PCR products of the predicted sizes for the 16S rRNA gene of H. felis were gel purified, cloned into a plasmid vector, and used to transform Escherichia coli. Based on sequence analysis from several clones, an H. felis-specific primer set was identified, synthesized (H. felis-f1 and H. felis-r2 [ Table 1 ]), and used to more confidently amplify the 16S rRNA gene of H. felis only.
Specificity of PCR. The specificity of the H. felis-f1 and -r2 primer set was examined with DNAs extracted from noninfected cat blood and cat blood experimentally infected with H. felis, from whole blood from a pig experimentally infected with E. suis, and from ATCC bacterial culture stocks of M. genitalium and B. bacilliformis. The expected 1,316-bp fragment of the 16S rRNA gene was amplified with H. felis DNA but was not amplified from the DNAs of these other organisms. Amplified products of the predicted sizes were not generated from DNA extracts of blood samples from noninfected cats and were greatly diminished or absent following doxycycline treatment (Fig. 2) .
We computer aligned this 1,316-bp fragment with our 1,442-bp sequence amplified using universal primers and with previously defined sequences. The overall sequence identity of this fragment varied by less than 1.0% among the four experimentally infected cats and by 1.9% compared to the 1,442-bp fragment amplified with the universal primers. By taking into consideration the secondary structure of the 16S rRNA molecule (data not shown), we were able to further verify the alignment of nucleotides and quality of our sequence data (15) . Sensitivity (minimal detection limit) of PCR. H. felis DNA was purified from cat blood with a total erythrocyte count of 3.6 ϫ 10 6 cells per l and 68% parasitemia. Therefore, there were 2.5 ϫ 10 6 H. felis-infected erythrocytes per l of blood used for DNA extraction. To determine the threshold for detection of infected erythrocytes, DNA was extracted from 400 l of blood, and fivefold serial dilutions were amplified (Fig. 3) by PCR with H. felis-specific primers. The expected 1,316-bp fragment was detected to a 1:93,750 dilution. Based on competitive PCR analysis for quantification of target DNA, the estimated input of H. felis organisms in the undiluted PCR mixture was between 1.6 ϫ 10 5 and 2.2 ϫ 10 6 organisms. Therefore, the minimum detectable number of organisms in the 1:93,750 dilution was between 50 and 704. Southern hybridization of PCR products and genomic DNA of H. felis. To confirm the identity of our PCR product, we performed Southern hybridization against genomic DNA that had been digested with HindIII and PCR products using a 674-bp DNA probe of the 16S rRNA gene of H. felis (Fig. 4) . The PCR probe was generated with the fHf5 and rHf6 primers. The PCR products generated with primer sets fHf1 and rHf2 (lane 2) and fHf5 and rHf6 (lane 1) hybridized with this probe. The 674-bp DNA probe also strongly hybridized with genomic DNA (lane 4). There was no hybridization seen with genomic DNA samples from the cats before experimental infection or following treatment (lanes 3 and 5, respectively). In addition, the H. felis probe failed to hybridize with blotted PCR products from bacteria other than H. felis, which had been amplified with our H. felis-specific primers (data not shown).
RFLP. DdeI and MnlI were previously shown to be useful for differentiation of 16S rRNA gene amplicons derived from Bartonella species (2). Examination of the aligned sequences for H. felis, E. suis, and M. genitalium suggested that the use of these endonucleases might be extended to differentiate these organisms from one another and from Bartonella species. Examination of the RFLP patterns generated by DdeI and MnlI digestion of PCR products of the 16S rRNA genes of these organisms confirmed this prediction, and the profiles obtained are presented in Fig. 5 . DdeI generated similar, approximately 400-and 500-bp fragments for H. felis, M. genitalium, and E. suis; however, these fragments were absent in B. bacilliformis. The presence of a 100-bp fragment distinguished E. suis from both M. genitalium and H. felis. Digestion of the 16S rRNA fragments with MnlI generated two distinct bands corresponding to approximately 250-and 300-bp fragments for H. felis and E. suis, respectively; however, these bands were not present in B. bacilliformis and M. genitalium. An approximately 400-bp restriction fragment was distinct in the 16S rRNA gene of E. suis.
DISCUSSION
Our understanding of H. felis and the disease it causes has been severely hampered by our inability to cultivate this organism. In the absence of cultivated organism, Koch's postulates are difficult to fulfill and it is nearly impossible to develop a diagnostic assay based on specific humoral or cellular immune responses (10) . In this study, we applied a technique that circumvented the need to isolate or grow H. felis but that nonetheless gave us valuable information about its phylogenetic relationship and enabled us to develop a diagnostic test for the disease. The data we present herein describe the development and evaluation of a PCR assay for detecting H. felis infection in cats.
A species-specific PCR assay that used primers based on our original 16S rRNA sequence of H. felis was developed. Our preliminary work of specificity has shown that this primer set does not anneal to DNA from either of two hemotropic parasites, E. suis and B. bacilliformis, or a genetically related organism, M. genitalium. Furthermore, the H. felis probe failed to hybridize with blotted PCR products from bacteria, other than H. felis, that had been amplified with our H. felis-specific primers.
Bacterial organisms that use erythrocytes as their primary site of development are fairly frequently encountered in veterinary species. Although the differentiation of Haemobartonella from Eperythrozoon is reported to be arbitrary and based on subtle morphologic criteria (24, 31, 37) , there was sufficient dissimilarity in the 16S rRNA nucleotide sequences to distinguish H. felis from E. suis. In humans, only B. bacilliformis, the causative agent of Oroya fever, which is recognized only in the Andes Mountain valleys, has been described. There have also been rare reports of hemotropic procaryotic microorganisms infecting humans in the United States (31) .
H. felis was originally classified in the order Rickettsiales as a member of the family Anaplasmataceae based on its biologic and phenotypic characteristics. However, unlike other rickettsial organisms, H. felis does not exhibit an obligate intracellular growth pattern (24) . More recently, a close phylogenetic relationship of H. felis to Bartonella henselae, the organism that causes cat scratch fever, was considered possible based on the nucleotide sequence of the 5S rRNA gene (GenBank accession no. L24488) (23) . Cats have been identified as a major reservoir for B. henselae. Regnery et al. and Koehler et al. reported that B. henselae could be isolated from the blood of a naturally infected cat and also demonstrated that cats remain bacteremic for months; however, apparently the infection in cats is asymptomatic (17, 28) . Nonetheless, by employing PCR assays we were able to distinguish these two genera. In fact, based on 16S rRNA sequence data, these two organisms were found to be unrelated. Using a set of genus-specific primers for Bartonella species, Minnick was subsequently unable to amplify a PCR product from H. felis DNA of one of the experimentally infected cats in this study. This primer set reacts with all Bartonella species tested to date, suggesting that H. felis is not a Bartonella species. The H. felis-infected cats from which the previously reported 5S rRNA sequence was amplified may have been coincidentally infected with B. henselae (22) .
Sequence comparison of the 16S rRNA genes from bacteria is a powerful tool for determining phylogenetic relationships. The phylogenetic clustering of H. felis to the genus Mycoplasma is consistent with a variety of characteristics associated with this genus (21, 30 ). Like Mycoplasma species, H. felis cells are wall-less procaryotes that lack flagellae, and despite resistance to penicillin and its analogs, these organisms are susceptible to doxycyclines (24) . Despite a sequence homology of nearly 80% to M. genitalium, the PCR assay was able to specifically amplify only H. felis.
Use of an RFLP identification scheme such as the one described in this study permits the identification of 16S rRNA amplicons. However, the method described in this study incorporated universal eubacterial primers; thus, the presence of contaminants in clinical materials could be problematic. To develop a diagnostically useful RFLP, it would be necessary to develop a primer set that is specific for the genus Haemobartonella.
We believe that the PCR method that we have developed for H. felis will make it possible for us to investigate the role that this organism plays in disease in cats. The limits of detection of this PCR assay, between 50 and 704 organisms, as determined herein are comparable to what has been reported by others for a PCR-based assay (11, 25) . The method is easy to perform and lends itself to routine analysis. The diagnostic potential of our PCR assay is currently undergoing further evaluation with clinical blood specimens. In addition, we are presently attempting to use this assay to answer questions related to the prevalence of the organism in cat populations and risk factors associated with positive PCR assay results.
